O ptimal immune function requires an appropriate balance of pro-and anti-inflammatory cytokines. Unsurprisingly, insufficient inflammatory activity reduces resistance to infection, and sepsis-induced immunoparalysis was demonstrated recently (1) . However, exaggerated inflammatory responses often accompany sepsis and may also reduce resistance to infection (2) . To date, overall mortality rate from sepsis remains near 20%, and mortality rate from septic shock is 40 -50%; sepsis thus remains the leading cause of intensive care unit mortality. Because antibiotic therapy alone has proven insufficient, adjunctive, immunomodulatory therapies for sepsis are being tested (3) .
Among these therapies, the potential application of therapeutic hypothermia in critical care was recently reviewed (4, 5) , and induced hypothermia has even been used in patients with respiratory distress syndrome (6) . Overwhelming animal evidence indicates that mild hypothermia provides substantial protection against tissue ischemia. As might therefore be expected, hypothermia has been shown to improve outcome from out-of-hospital cardiac arrest (7) . It is also being evaluated as part of treatment for stroke, for traumatic brain injury, and after myocardial infarction.
Yet, hypothermia has numerous and complex effects on immune function: For example, we demonstrated previously that hypothermia induced after an infectious challenge provokes a hyperinflammatory cytokine response, decreases polymorphonuclear (PMN) granulocyte count, and worsens survival (8) ; hyperinflammation has also been reported in two cases of accidental hypothermia in elderly humans (9) , probably due to rapid rewarming or preexisting infection.
Hypothermia per se, however, is known to be immunosuppressant in vitro (10) and in vivo, where it increases concentrations of the anti-inflammatory cytokine interleukin (IL)-10 (11) and reduces production of IL-2, which is a key proinflammatory cytokine (12) , thereby possibly increasing susceptibility to infection. As might thus be expected, even perioperative hypothermia triples the risk of surgical wound infections (13) .
Furthermore, in the absence of infection, hypothermia decreases the number of circulating PMNs and the oxidative potential of those that remain (14) . A consequence is that hypothermia reduces pulmonary neutrophil infiltration after acute lung injury (15) .
Hypothermia may also impair instantaneous tissue oxygenation, which is critical for bacterial killing by PMNs (16) . However, others have previously shown in rats that induced hypothermia above 31°C compromises neither mean arterial blood pressure nor arterial oxygen tension (17) .
The consequences of induced hypothermia prior to a septic insult are not known, but they are likely to be antiinflammatory rather than hyperinflammatory. Thus, we tested the hypothesis that mild hypothermia induced before infection also worsens survival, but via an immunosuppressant mechanism. For modeling these complex clinical interactions, clinic modeling randomized trials are applicable (8) , which combine a clinically relevant model of intra-abdominal sepsis with characteristics of randomized clinical trials. In the present study we specifically propose that inducing mild hypothermia treatment before peritoneal contamination and infection in rats reduces the survival rate, tilts the cytokine balance toward immunosuppression, compromises PMN recruitment, and reduces postinfection muscular oxygen partial pressure.
MATERIALS AND METHODS
The study was performed with permission of the regional animal welfare committee in Gie␤en, Hessen, Germany. We used 96 male Wistar rats, 220 -280 g (Charles River Wiga, Sulzfeld, Germany). They were given standard diet (Altromin, Lage, Germany) and water ad libitum.
Using a group-sequential design (18), we initially evaluated the effects of preseptic mild hypothermia (32°C) compared with perioperative normothermia (12 rats per group). Additionally, 12 rats underwent mild preoperative hypothermia (32°C) without infection. After planned interim analysis and sample size reestimation, another 30 rats per group (preseptic mild hypothermia [32°C] or preseptic normothermia) were examined. Throughout the trial, treatments were assigned by simple random permutation, and each animal received an earmark to denote its group assignment.
Protocol. The rats were deprived of food 12 hrs before surgery. One hour before surgery, the animals were anesthetized with 0.08 mg/kg fentanyl and 4 mg/kg droperidol (Janssen-Cilag, Neuss, Germany), both given intraperitoneally. Ventilation was spontaneous. A tail vein was cannulated, and 2 mL of Ringer's solution was administered. All animals then received intravenous antibiotic prophylaxis with 10 mg/kg of cefuroxime (Fresenius, Bad Homburg, Germany) and 3 mg/kg of metronidazole (Serag-Wiessner, Naila, Germany). Using antiseptic technique, a 2-cm abdominal midline incision was made, and 1.8 mL/kg standardized human stool inoculum (diluted 1:2.5 in Ringer's solution) was injected into the pelvic region. The wound was closed in two layers using an interrupted Vicryl 3-0 suture. The surgeon was blinded to the preoperative temperature management.
Postoperative analgesia consisted of 20 mg/kg tramadol (Mundipharm, Limburg, Germany) given subcutaneously once daily. Animals received food and water ad libitum after surgery, and after 120 hrs, survivors were killed by CO 2 inhalation.
In the preseptic hypothermic rats, core temperature was maintained at 32 Ϯ 1°C for 1 hr before surgery by surface cooling of the animals using ice-filled plastic bags. The rats were subsequently rewarmed to 38°C with an infrared heating lamp. Fluid replacement was similar in all groups, with approximately 3 mL·kg Ϫ1 ·hr Ϫ1 of Ringer's solution. In the normothermia group, perioperative core temperature was maintained at 38°C.
Measurements. Animals were weighed the day before surgery and at the end of observation. A digital thermometer was inserted 3 cm into the rectum for continuous core temperature measurement before cooling, throughout surgery, and for the postoperative period until rewarming was completed in the appropriate animals. From each of the initial groups, six rats, randomly selected, had 1.5 mL of blood taken from the retro-orbital plexus (after supplemental analgesia with fentanyl/droperidol), 1 hr before and 1 hr after infection for determination of IL-10 and macrophage inflammatory protein (MIP)-2 concentrations; the blood was replaced intravenously with 3 mL of Ringer's solution. Additionally, ten rats, randomly selected from each of the final trial groups, had blood taken as described before, for measurement of IL-6 and MIP-2 plasma concentrations. The white blood cell count was depicted in an automated blood cell counter optimized for rat blood (Coulter Max-M, Krefeld, Germany). Cytokine concentrations of IL-6, IL-10, and MIP-2 were measured using an enzyme-linked immunosorbent assay technique (rat enzyme-linked immunosorbent assays from Pharmingen/ Becton Dickinson, Heidelberg, Germany, and Biosource, Camarillo, CA).
In three rats of each of the initial groups, muscle tissue (peroneus) oxygen partial pressure was measured over 1 hr using a flexible polarographic Clark-type PO 2 electrode (Licox A3-Revoxode, 1.5 Fr, GMS, Kiel-Mielkendorf, Germany). The electrode and a temperature probe (type K thermocouple probe) were advanced into the muscle over a 20-gauge cannula, allowing complete contact of the oxygen-sensitive area at the tip of the probe with the surrounding tissue and for temperature compensation. Data were recorded every 90 secs. Electrodes were calibrated before and after each experiment in air at ambient pressure using a test probe barrel.
Statistical Analysis. The primary end point was survival of rats at 120 hrs after surgery.
Using a group-sequential design (18), the initial sample size of 12 rats per group was calculated with the formula of Friedman et al. (19) estimating a 30% survival difference between normothermia and hypothermia with an ␣ error of 0.025 and a power of 0.8. After planned interim analysis, sample size was reestimated to 42 rats per group based on the 25% observed survival difference between the two septic treatment groups. The critical p value remains at .05 after one interim analysis (18) . Survival rates were analyzed with the chi-square-square test and survival curves with the log rank test. Ordinal data were analyzed with the Kruskal-Wallis test using SPSS software (20) . Post hoc testing included a Bonferroni-Holm correction. Ordinal data are presented as mean Ϯ SEM; p Ͻ .05 was considered statistically significant.
RESULTS
The rats in all groups were of similar weight (250 Ϯ 30 g). In none of the animals was a weight gain recorded at the end of observation (data not shown). There were no complications related to surgery or anesthesia. Data from all animals were included in the analysis.
Initially, 50% (six of 12) of the septic rats in the hypothermia group and 75% (nine of 12) of the rats in the normothermia group survived 120 hrs after surgery (p ϭ .08). In the sham-operated control group with hypothermia, all animals survived. After all 42 rats per treatment group were included, the survival rate in the normothermic group was 62% (26 of 42) compared with 40% (16 of 42) in the hypothermic group (p ϭ .48) (Fig. 1) . The survival rate of the animals stressed by blood sampling did not differ significantly from rats that were otherwise treated comparably. Preoperative cytokine concentrations of IL-10, IL-6, and chemokine MIP-2 were not different between groups. However, postinfection plasma concentrations of IL-10 were significantly greater in the septic hypothermia group than in the other groups: 1843 Ϯ 96 pg/mL vs. 945 Ϯ 225 pg/mL in the septic normothermia group and 520 Ϯ 121 pg/mL in the shamoperated hypothermia group (p Ͻ .001) (Fig. 2, top) . MIP-2 concentrations were 98 Ϯ 21 pg/mL in the septic hypothermia group, 64 Ϯ 17 pg/mL in the septic normothermia group, and 17 Ϯ 8 pg/mL in the sham-operated hypothermia group (p ϭ .043 between PCI hypothermia and control) (Fig. 2, bottom) .
Postoperative IL-6 concentrations were significantly greater in the septic normothermia group than in the septic hypothermia group: 276 Ϯ 76 pg/mL vs. 106 Ϯ 24 pg/mL (p ϭ .047) (Fig. 3) .
Mean muscle oxygen partial pressure was 40 mm Hg (5.3 kPa) in the hypothermia groups and 55 mm Hg (7.3 kPa) in the normothermia group immediately after surgery. There was no change over time in the hypothermia groups, but in the normothermia group oxygen partial pressure rose to 85 Ϯ 12 mm Hg (11.3 Ϯ 1.6 kPa) at 45 mins after surgery (hypothermic septic rats, 47 Ϯ 10 mm Hg [6.3 Ϯ 1.2 kPa], p ϭ .66; sham hypothermic rats, 49 Ϯ 9 mm Hg [6.5 Ϯ 1.2 kPa]) (Fig.  4) .
In the hypothermic, subsequently rewarmed animals, normal core temperature was accomplished after a mean time of 100 Ϯ 10 mins (data not shown).
Total leukocyte counts were 7.7 ϫ 10 9 /L in the septic normothermia group vs. 7.0 ϫ 10 9 /L in the septic hypothermia group, and PMN counts were 0.5 ϫ 10 9 /L in both groups before surgery and infection. After infection, PMN counts increased significantly compared with initial values; however, recruitment was compromised in the septic hypothermia group: 1.7 ϫ 10 9 /L vs. 2.4 ϫ 10 9 /L in the septic normothermia group, p ϭ .2 (Fig.  5 ).
DISCUSSION
Our model of intra-abdominal sepsis has been extensively validated in terms of microbiological characterization and reproducibility, as shown by the dosemortality relationship (21, 22) . It is probably easier to standardize than other models of intra-abdominal infection such as cecal ligation and puncture, in which the variability in length of ligation and diameter and the number and location of puncture critically influence mortality, thus making studies difficult to compare (23) . Additionally our concept of clinic modeling randomized trials includes appropriate use of anesthesia, volume loading, antibiotic prophylaxis, laparotomy and peritoneal contamination, infection with human stool bacteria, postoperative analgesia, and an accompanying condition, here mild hypothermia. Antibiotic prophylaxis was just reappraised in the cecal ligation and puncture model (24, 25) as a key aspect of clinically relevant animal models. We have included antibiotics routinely in our model from the beginning (22) . Additionally, study conditions were similar to those of randomized clinical trials including eventual adjustment of the critical p value to compensate for the interim analysis.
In previous studies we recorded heart rate, blood pressure, and body temperature by telemetry in normothermic septic animals and found only modest transient cardiovascular depression (26) . Others reported that even 2 hrs of systemic hypothermia per se has little effect on hemodynamic responses or arterial oxygen partial pressure Ͼ31°C (17). We therefore designed our trial using mild hypothermia (32°C) and restricted hypothermia to 1 hr to minimize side effects. We focused on immunologic measurements in a standardized setting with similar preand postinfection fluid management in all groups, since we did not intend to optimize sepsis therapy. More vigorous postinfection fluid resuscitation or other circulatory support (27) may thus have improved survival, especially after preseptic hypothermia.
However, we also kept the rewarming rate after the hypothermic phase slow (28) to prevent posthypothermia circulatory collapse (29) .
Initially we performed muscle oxygen partial pressure measurement to screen for gross peripheral tissue hypoxia. Before infection, muscle oxygen partial pressure was only slightly less in the hypothermic animals than in the normothermic rats. Although we did not measure cellular oxygen content, all recorded tissue oxygen values were well above the anaerobic threshold of mitochondrial cytochrome aa3 (30) , which is roughly 12 mm Hg at 35°C in rat skeletal muscle. Furthermore, the mean level of oxygen partial pressure was the same in the preseptic hypothermia group as in the sham hypothermia animals-in whom no mortality was observed. Although postinfection muscle oxygenation increased (nonsignificantly) in the normothermic animals, which is consistent with data from septic patients (31), the clinical importance of this observation is not clear.
Even if induced hypothermia is proven to be beneficial for some ischemic conditions, hypothermia remains problematic because it impairs host immune defenses, resulting in infectious complications. Many in vitro and animal studies indicate that mild hypothermia per se suppresses systemic inflammatory responses (10, 11) . This is probably of little consequence in the absence of contamination and infection. Here, for example, all animals of the mild preoperative hypothermia group without infection survived, comparable to sham-operated normothermic rats. But when hypothermia was followed by severe infection, it had deleterious effects: concentrations of anti-inflammatory cytokine IL-10 were significantly elevated and IL-6 production was suppressed. These results indicate that even just an hour of mild preinfection hypothermia provokes a state of immunosuppression (1) . In other words, hypothermia disturbed the delicate balance of pro-and anti-inflammatory cytokines (32) , resulting in a worse outcome. Timing of hypothermia in relation to an infectious stimulus thus appears to be critical. For example, we have previously shown that hypothermia induced after infection also impairs resistance to infection but via hyperinflammation with excessive IL-6 concentrations (8) .
PMNs may be essential in the sepsishypothermia interplay (33) . Although MIP-2 enhances PMN recruitment and migration into infected tissues, it is critical to distinguish systemic MIP-2 concentrations from those at the site of infection: Elevated systemic MIP-2 concentrations found in the preseptic hypothermic animals most probably indicated nonspecific inflammatory activation, which is generally an unfavorable response. Consequently, PMN recruitment was impaired after infection in the preseptic hypothermic animals compared with the septic normothermic rats; this result is consistent with our previous findings with postinfection hypothermia (8) . PMNs may be additionally attracted and trapped at the site of infection (peritoneum, in this case), which is similar to the response observed in an acute lung injury model (15) ; but even when pulmonary granulocyte infiltration was reduced with hypothermia, it is doubtful that this is beneficial with regard to bacterial clearance, and thus survival would probably be impaired. Additionally, function of neutrophils, namely phagocytic activity, is reduced by hypothermia (34) .
Combining our current and previous results suggests that administration of an immunostimulator such as granulocyte colony-stimulating factor may improve host response to bacterial peritonitis in hypothermic animals by helping to recruit PMNs, stimulating their phagocytic activity and reducing apoptosis (8) . This theory is supported by the observation that granulocyte colony-stimulating factor stimulates host defenses against microbes (35) and normalizes proinflammatory cytokine responses (36) .
CONCLUSION
Both our current and previous works indicate that hypothermia impairs host immune response to an infectious challenge. However, adverse outcome from sepsis with preexisting hypothermia results from immunosuppression, whereas adverse outcome from postseptic induction of hypothermia results from a hyperinflammatory response. Hypothermia, whether induced before or after a septic insult, thus worsens outcome-but apparently by different mechanisms. 
